Abstract-Ultrasound contrast agents enhance echoes from the microvasculature and enable the visualization of flow in smaller vessels. Here, we optically and acoustically investigate microbubble oscillation and echoes following insonation with a 10 MHz center frequency pulse. A highspeed camera system with a temporal resolution of 10 ns, which provides two-dimensional (2-D) frame images and streak images, is used in optical experiments. Two confocally aligned transducers, transmitting at 10 MHz and receiving at 5 MHz, are used in acoustical experiments in order to detect subharmonic components. Results of a numerical evaluation of the modified Rayleigh-Plesset equation are used to predict the dynamics of a microbubble and are compared to results of in vitro experiments. From the optical observations of a single microbubble, nonlinear oscillation, destruction, and radiation force are observed. The maximum bubble expansion, resulting from insonation with a 20-cycle, 10-MHz linear chirp with a peak negative pressure of 3.5 MPa, has been evaluated. For an initial diameter ranging from 1.5 to 5 m, a maximum diameter less than 8 m is produced during insonation. Optical and acoustical experiments provide insight into the mechanisms of destruction, including fragmentation and active diffusion. Highfrequency pulse transmission may provide the opportunity to detect contrast echoes resulting from a single pulse, may be robust in the presence of tissue motion, and may provide the opportunity to incorporate high-frequency ultrasound into destruction-replenishment techniques.
I. Introduction U ltrasound contrast agents are gas microbubbles, with a shell of lipid, albumin, or polymer, and greatly increase the scattered echoes from small blood vessels. Each encapsulated microbubble contains air or a high molecular weight gas with a diameter between 1 and 10 µm. A 25-dB enhancement of the backscattered echoes from blood is produced [1] due to the impedance mismatch between plasma and microbubbles [2] . However, given that the ultrasound sample volume contains only a small volume of contrast agents, as compared to the volume of blood plasma or tissues, sensitive harmonic modes for microbubble detection are needed [3] .
With pulse transmission near the resonance frequency of the contrast agent (typically 1-5 MHz), harmonic oscillations can be efficiently generated. Transmission of ultrasound center frequencies above this range is desirable for increased spatial resolution; however, the dynamics of conManuscript received October 3, 2004 ; accepted May 20, 2005 . We wish to acknowledge the NIH (EB 00239) for supporting this research.
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trast agent oscillation in this range of frequencies remains unexamined [4] .
In some applications, it is desirable to destroy the contrast agent with an initial pulse, and the replenishment of the agent into the volume is then assessed [5] . Destructionreplenishment imaging techniques can be used to estimate the velocity and volume of flow in the microcirculation. Using a 6 MHz center frequency for the "imaging" pulse, spatial resolution on the order of 250 µm can be achieved [6] . Improved spatial resolution may prove to be important for detecting small tumors, mapping flow in the skin or other superficial tissues, and assessing changes in flow in small animal models of disease.
Recent studies have demonstrated that high frequency ultrasound (above 20 MHz) can be used to map small arterioles [7] [8] [9] . Frequencies used in studies with endogenous contrast (imaging echoes from red blood cells) range up to 50 MHz, providing spatial resolution on the order of 40 µm [10] . In order to map capillary density, microbubbles are required. Studies using microbubbles at high frequencies have not yet demonstrated an improved spatial resolution in small vessels [11] , but have demonstrated that, with sufficient ultrasound intensity, it is possible to create maps of contrast agent density at high frequencies.
Among the techniques to use nonlinear components of the scattered echoes from microbubbles, subharmonic imaging provides a high contrast agent-to-tissue ratio (CTR), as tissue does not generate measurable subharmonic components at diagnostic intensity levels and microbubbles produce substantial subharmonic scattering [1] , [2] . In typical subharmonic imaging approaches, echoes at the subharmonic frequency, f 0 /2, are received while transmitting an ultrasound pulse with a center frequency, f 0 , where f 0 is the resonance frequency of the microbubble. For traditional subharmonic imaging, the subharmonic amplitude increases rapidly over a limited range of transmission pressure, with much slower increases at both lower and higher acoustic pressure [12] . Due to the steep slope in response over a range of transmission pressure, attenuation produced by intervening tissue reduces the resulting subharmonic amplitude by a varying amount. The use of subharmonic imaging, following transmission of a pulse with a center frequency in the low megahertz, was shown [13] , [14] . Goertz et al. [11] demonstrated the successful detection of microbubbles using the subharmonic components of 20 MHz and 30 MHz transmitted pulses.
A separate mechanism, termed transmission at twice resonance (T2R) in [15] , can generate echoes at f 0 /2 when the insonation frequency, f 0 , is twice the microbubble resonance frequency [15] [16] [17] . Based on this mechanism, the apparent subharmonic echo is produced with lower transmission pressure, and it does not demonstrate the highly nonlinear relationship to transmission pressure observed with the classic subharmonic. With transmission frequencies near 10 MHz, we hypothesize that the echo components at lower acoustic frequencies are produced by exciting an oscillation near resonance, and thus may not have the pressure dependency described in [12] . In this paper, we use the term subharmonic to refer to echo components between 2 and 6 MHz, following transmission of a pulse with a center frequency of 10 MHz, regardless of the mechanism behind the generation of the lower frequency echo. Subharmonic imaging strategies may ultimately improve the depth of penetration over which imaging studies can be conducted due to the smaller attenuation of the scattered subharmonic echoes compared to fundamental or superharmonic components [18] . Subharmonic imaging also may have superior lateral resolution compared to single frequency strategies with transmission and reception near f 0 /2, and similar axial resolution as transmitting and receiving f 0 (because the axial extent of agents excited with a single pulse is proportional to 1/f 0 ).
Here, we attempt to excite echoes centered near 5 MHz by transmitting a pulse centered near 10 MHz using both narrowband and wideband pulses and investigate the oscillation dynamics and mechanisms of destruction of microbubbles. Because microbubbles have a polydisperse size distribution, only a limited proportion of the microbubbles in a commercial agent will be resonant near 5 MHz. The mean diameter of Definity (Bristol-Myers Squibb Medical Imaging, Inc., N. Billerica, MA) ranges from 1.1 to 3.3 µm. The percent of the microbubbles with a diameter less than 10 µm is 98% and the maximum diameter is 20 µm. Microbubbles with an initial diameter of 1.7 µm are predicted to have a linear resonance frequency of approximately 5 MHz based on equation A.8 in [19] . Theory and calculations predict a damping-induced shift in the linear resonance frequency for encapsulated microbubbles [20] , and future experimental work may help to measure these effects. Our experience has indicated that this linear resonance frequency calculated for small oscillation amplitudes provides a good approximation for microbubbles in a low-viscosity liquid [19] , although clearly this approximation has limited value for the conditions explored here. In particular, the ringdown frequency of the microbubble after the driving pulse ends is accurately predicted. The goal in this paper is not to precisely determine the linear resonance frequency, but instead to determine whether substantial frequency components can be detected over a separate and lower frequency range following insonation near 10 MHz, and to begin to examine the mechanism for these echo components.
A further goal of this paper is to provide an initial comparison of wideband and narrowband pulses for the excitation of contrast agents. It was shown that chirp excitation can be used in microbubble imaging to increase signal-tonoise ratio (SNR) and CTR [21] ; however, a lower center frequency of 2 MHz was used and the subharmonic oscillation of microbubbles was not included in [21] . With the 10 MHz center frequency and wideband transducers used here, we have the opportunity to evaluate whether the bandwidth of the driving pulse changes the amplitude of the subharmonic component received from these agents or the likelihood of microbubble destruction. It has long been hypothesized that high time-bandwidth product pulses could be used to improve the differentiation of tissue and contrast agent echoes.
Improved contrast agent safety is an additional motivation for this research. Mechanical index (MI) is a parameter frequently used to gauge the probability of bioeffects, where MI is inversely proportional to the square root of the center frequency and proportional to the acoustic pressure [22] , [23] . Therefore, high-frequency insonation is hypothesized to be safe due to the low MI. Optical experiments are used here to evaluate the maximum expansion of microbubbles with a goal of evaluating whether MI can predict possible bioeffects for this operating mode. Although it has not yet been proven that maximum bubble expansion is related directly to bioeffects, it is known that bubble-related bioeffects increase as the insonation frequency decreases [24] , and that the magnitude of bubble expansion and corresponding wall velocity increase as the insonation frequency decreases. We hypothesize that limiting bubble expansion to a predicted maximum diameter near the capillary diameter may reduce these effects because the microbubble will be less likely to be tightly coupled to the endothelium during its oscillation, and furthermore, we attempt to describe conditions under which these limited oscillations are observed.
Optical and acoustical studies have been shown to provide insight into the oscillation dynamics of microbubbles and mechanisms of destruction, and this methodology is now extended to microbubbles driven at an ultrasound center frequency near 10 MHz. Studies using lower center frequency transmission [25] [26] [27] have demonstrated that the incidence of fragmentation increases with decreasing frequency for constant transmission pressure [28] . De Jong et al. [29] has also presented an optical method to visualize the behavior of the bubbles in a 0.5-MHz ultrasound field. Here, an in vitro acoustical system is used to complement the optical results, providing an analysis of the power spectrum and calculation of the ratio of subharmonic to fundamental echo power.
Recent models of microbubbles oscillation, particularly the Newtonian interface model by Chatterjee and Sarkar [30] describe the behavior of lipid-coated bubbles. A modified Rayleigh-Plesset equation (including radiation damping) can model the oscillation of microbubbles encapsulated in a thin shell, similar to the methods developed by Hoff et al. [31] . This equation is also based on Church's [32] theoretical approach accounting for viscous and elastic properties of the microbubble shell with the exponential stress-strain relationship proposed by Angelsen et al. [33] . Radial oscillation is assumed to be spherically sym-metric. Shell parameters, including shell viscosity and shell modulus, are specific to the contrast agent that is experimentally studied. This paper is intended to provide a first experimental view of the oscillation of contrast agents for driving frequencies near 10 MHz and relative expansion of one to two fold, with very brief comparisons of the results to the predictions of this previous model. In this work, we refer to the method in [19] to specify parameters for the lipid shell.
This paper is organized as follows. In Section II, both optical and acoustical methods and experimental systems are introduced for studying the dynamics of microbubbles with high-frequency ultrasound excitation. In Section III, optical and acoustical studies are described. Section IV discusses the results and potential applications, followed by conclusions in Section V.
II. Methods
Optical and acoustical experimental methods were designed to investigate the oscillation dynamics of microbubbles in response to high-frequency ultrasound. An experimental optical system was developed to provide insight into the behavior of a microbubble with high-frequency insonation, an in vitro acoustical system was developed to capture the scattered echoes from a group of microbubbles, and the average spectrum of the received echoes was analyzed. In the following section, optical and acoustical methods and experimental systems are described in detail.
A. Optical Methods and Experimental System
In order to visualize the oscillation of a microbubble following insonation with high-frequency ultrasound, we designed high-speed optical experiments. The camera (Imacon 468, DRS Hadland, Cupertino, CA) generated seven individual two-dimensional (2-D) frame images and a streak (single line through the bubble center over time) image with an observation time of 3 µs. The temporal resolution of the camera is 10 ns; thus, if the transmission frequency is 10 MHz, the streak image provides 10 lines during every cycle of oscillation. An upright optical microscope (IV500L, Mikron Instruments, San Diego, CA) with a 100X objective (100X Achroplan, NA = 1.0, Zeiss, Thornwood, NY) and 1.6X zoom were used to obtain sufficient magnification.
The fluid containing the microbubble was precisely moved using a micromanipulator, with microbubbles freely floating near the top of the tube. The light source was a xenon strobe (DRS Hadland, Cupertino, CA) that illuminated the microbubble via a 1-cm diameter fiber optic cable. Both the light source and the arbitrary waveform generator were triggered by the high-speed camera.
Definity , used in both the optical and acoustical experiments, has a lipid shell with high molecular weight gas core. For the optical experiments, the microbubbles were diluted in distilled water to approximately 1 bubble per microliter such that only one microbubble was in the optical field. The diluted microbubble solution was pumped into a 200-µm cellulose microtube (Spectrum Laboratories, Inc., Rancho Dominguez, CA) with a manual microinjector. The cellulose tube was submerged in a water bath and positioned in the optical focus of the microscope.
A high-power, single piston transducer (model IL1006HP, Valpey Fisher, Hopkinton, MA) was attached on the wall of the water bath and mounted confocally with the imaging plane of the microscope. Transducer parameters are detailed in Table I . The acoustic pressures generated were measured using a calibrated 0.4 mm needle hydrophone (model PZT-Z44-0400, ONDA Inc., Sunnyvale, CA). The driving waveform was a chirp or tone burst with parameters specified in Table II , generated using an arbitrary waveform generator (model AWG2021, SONYTektronix, Tokyo, Japan) and amplified with a power amplifier (model 3200L, ENI, Rochester, NY) by 55 dB. The peak-negative transmission pressure was 3.5 MPa in all optical experiments. A rectangular pulse window was used for transmission to maximize the transmission bandwidth.
B. Acoustical Methods and Experimental System
In order to observe the scattering from microbubbles at high ultrasound frequencies, an acoustical system was used. To detect the subharmonic or low frequency components, we used two confocally aligned transducers with different center frequencies, transmitting at 10 MHz (model IL1006HP, Valpey Fisher) and receiving at 5 MHz (model V309, Panametrics, Waltham, MA). The transducer specifications are summarized in Table I and the excitation  pulses are detailed in Table II (generated by the arbitrary waveform generator and amplified with the power amplifier). The peak-negative transmission pressure ranged from 1 to 4.5 MPa. The scattered echoes were received from the microbubbles using a pulser/receiver (model PR5900, GE Panametrics, Waltham, MA). The amplified radio frequency (RF) echoes were sampled at 125 MHz and 12-bits using a computer-based digitizer board (model PDA12A, Signatec, Corona, CA).
In order to study the microbubble echoes in the absence of a substantial clutter component, a 200-µm inner diameter cellulose microtube was placed vertically at the focus of both transducers at 45 degrees with respect to each transducer. The two transducer axes were oriented at 45 degrees with respect to each other. Setting the tube vertically prevented bubbles from floating to the top wall and thus creating a higher concentration. The contrast agent was diluted in distilled water to a concentration of approximately 3000 microbubbles per microliter. The diluted microbubble solution was pumped through the tube at a mean velocity of 1.2 cm/s using a syringe pump (model Phd2000, Harvard Apparatus, Holliston, MA) and M-mode data were received with the 5 MHz transducer. The acoustical experimental diagram was provided in [19] .
A phantom experiment was performed to assess scattering from microbubbles in the presence of fixed clutter. The flow phantom consisted of a 200-µm diameter cellulose tube embedded in a tissue-mimicking material at a depth of 1 cm (attenuation is 2.4 dB/cm at 10 MHz). The tissue-mimicking material was comprised of 90% (by weight) distilled water, 3% agar, 4% glycerol, and 3% silicon carbide particles as the scatterers [34] . Glycerol was used to increase the acoustic velocity to that of tissue, and scattering particles were used to provide the desired acoustic attenuation. The diluted microbubble solution first was injected into the microtube and echoes from the phantom were received. Distilled water was then circulated through the vessel for half an hour, and echoes from the phantom without microbubbles were received. The transmitted pulse was recorded by a hydrophone and filtered by a 6th order Butterworth band pass filter from 1 MHz to 15 MHz [ Fig. 1(a) ]. All in vitro acoustical data were corrected by the magnitude frequency response of the receiving transducer. From time-frequency analysis, the transmitted chirp frequency ranges from 7.5 MHz to 12.5 MHz [ Fig. 1(b) ]. The magnitude of the transmitted pulse at 5 MHz is approximately 20 dB down compared to the magnitude at 10 MHz [ Fig. 1(c) ].
Echoes were filtered using 8th order Butterworth bandpass filters in which a bandwidth from 2 to 6 MHz was used to isolate subharmonic echo components, and a bandwidth from 8 to 12 MHz was used to isolate fundamental echo components.
C. Theoretical (Computational) Methods
A model was used to evaluate the dynamics of microbubble oscillation, based on the Rayleigh-Plesset equation in [19] , and summarized in (1) and (2):
where the notation is defined in Table III , and the pulse parameters are defined in Table II . Based on (1) and (2), the radial oscillations, acoustic echo, and spectrum can be predicted for a range of parameters. Eq. (1) and (2) were evaluated for a range of initial diameter from 1.5 to 5 µm. The shell was estimated to be a lipid monolayer with thickness on the order of 1 nm [35] , and the shell elastic modulus was set to ∼0, based on parameters estimated by Morgan et al. [19] . The best fit to Table II the Rayleigh-Plesset equation describing the experimentally obtained, radius-time curve required a shell viscosity that varied linearly with initial radius [19] . The equation obtained in [19] for the viscosity of an experimental lipidshelled agent was estimated to be 1.49R 0 − 0.86 (Pa·s), where R 0 was the initial radius in microns. The model is valid for small bubble excursions, and results obtained here are an approximation, used since a model for large excursions has not yet been validated.
III. Results
The results of this work will be divided into two sections. First, the optical results are presented to provide visual evidence of the nonlinear oscillation of microbubbles and the mechanisms of microbubble destruction with high-frequency ultrasound excitation. Second, the in vitro acoustical results are provided to examine the spectral characteristics of received echoes.
A. In Vitro Optical Study
In this section, the oscillation of a microbubble driven at a frequency well above the resonance frequency is evaluated. We begin with two typical optical recordings and then summarize the results of an ensemble of studies for microbubbles with a range of initial diameters. Fig. 2 combines optical 2-D frame images and a streak image of a single microbubble insonified with a 10 MHz chirp (see Table II for details). From the 2-D frame image of the resting microbubble before acoustical transmission [ Fig. 2(a) ], the initial bubble diameter is estimated as 4 µm, corresponding to a linear resonance frequency of 1.8 MHz. The hydrophone recording of the transmitted pulse [ Fig. 2(b) ] is overlaid on the image, including frequencies from 7.5 to 12.5 MHz. 10 MHz oscillation is observed in the streak image throughout the entire driving pulse, and the oscillation is modulated by lower frequencies near the end of the driving pulse [ Fig. 2(b) ]. The microbubble does not fully contract with each acoustic cycle. During insonation, the diameter of the microbubble decreased by 15% [ Fig. 2(c) ]. Because the size of the microbubble does not change after the driving pulse ends, we hypothesize that the shell of the bubble is intact, and the decrease in diameter is due to acoustically driven diffusion.
Radius-Time Curve Observed Optically:
One source of the apparent subharmonic component was hypothesized to be resonant oscillation of the microbubble following insonation at a frequency above resonance. At the end of the driving pulse, ringdown in the bubble oscillation can be observed with a frequency of 2.2 MHz. After insonation, the bubble diameter has decreased to 3.4 µm, corresponding to a linear resonance frequency of 2.15 MHz [ Fig. 2(c) ]. Analysis of the ringdown frequency for the entire dataset also demonstrates a relationship between ringdown and resonance frequency. For the lipid-shelled agents studied here, the frequency of oscillation during the ringdown of the microbubble corresponds to the predicted linear resonance frequency based on [19] (Fig. 3) . Although for polymer-shelled microbubbles [20] predicts a shift in the resonance frequency as compared with an unshelled microbubble, the data acquired here appear to correspond to the previous analysis.
Optical Observation of Destruction:
The mechanisms of destruction of individual microbubbles and ensembles are considered here based on the images recorded before, during, and after insonation, with an example (initial diameter of 3.6 µm) shown in Fig. 4(a) before insonation. From the streak image showing the radial oscillation of the microbubble, a nearly symmetric oscillation is observed over the first 10 cycles [Fig. 4(b) ]. The amplitude of oscillation decreases after the eleventh cycle in which the streak image and presumably the microbubble split into two fragments. The 2-D frame image after insonation shows two resulting fragments, each with a diameter of 1.8 µm [Fig. 4(c) ]. Fig. 2(b) and Fig. 4(b) , the effect of radiation force is observed as the bubble is deflected "down" in the image over the acoustic pulse. The transla- Table II tion is small over the pulse, on the order of the diameter of the bubble.
Radiation Force: In

Relative and Maximum
Expansion: An ensemble of images was then acquired using a 10 MHz chirp and tone burst insonation (see Table II for details). Relative expansion of a microbubble decreases when the initial diameter increases (Fig. 5) . Most of the microbubbles with initial diameters less than 3 µm fragment after one insonating pulse. Thus, there is a threshold in the initial microbubble diameter associated with fragmentation, and for these parameters, the threshold is approximately 3 µm. The fragmentation threshold can also be interpreted with respect to relative expansion (maximum diameter to initial diameter). When the relative expansion is greater than 2, most of the microbubbles are fragmented. There is no statistically significant difference between chirp insonation [ Fig. 5(a) ] and tone burst insonation [ Fig. 5(b) ] in the relative expansion and destruction of the bubbles. The predicted expansion, based on the Rayleigh-Plesset equation (Fig. 5) , is slightly greater than the optical observation. One likely source of the error may be that the temporal resolution Table II for details). Solid line represents predicted relative expansion over initial diameter. Circles represent microbubbles that are intact after insonation. The plus signs represent microbubbles that are destroyed during insonation. Table II for details). Circles represent microbubbles that are intact after insonation. The plus signs represent microbubbles that are destroyed during insonation.
of the high-speed camera is not high enough for 10 MHz insonation. Also, when recording the streak image, the slit may not be in the middle of the bubble due to the slight movement of the bubble.
The maximum observed diameter during insonation is 8 µm with both chirp and tone burst excitation (Fig. 6) . Most of the microbubbles with initial diameters less than 3 µm have a maximum diameter less than 6 µm.
Change in Diameter with Insonation:
Microbubbles with an initial diameter greater than 3 µm are not destroyed during or after insonation; instead they decrease in diameter due to acoustically driven diffusion. The decrease in diameter of the microbubbles ranges from 1 to Table II for details). Vertical scale is decrease in diameter. Horizontal scale is initial diameter in microns.
2 µm for a range of initial diameters from 2.7 to 4.6 µm (Fig. 7) . The relative decrease in diameter is from 20% to 60% with respect to the initial diameter.
B. In Vitro Acoustical Study
Spectrum of the Backscattered Echo:
Echoes from microbubbles within an isolated vessel and phantom are recorded in order to evaluate the spectral characteristics of microbubble echoes. In the experiments in this section, each volume of microbubbles was insonated once, and the results were averaged over subsequent volumes. In all cases, the received spectrum was normalized to account for the receive transducer spectrum. For both the isolated vessel and the tissue phantom, the echo amplitude between 2 and 6 MHz is very low before microbubbles are added (near the noise floor for the isolated vessel). A sample spectrum for the phantom and microbubbles is shown in Fig. 8 . The echo amplitude in the frequency range from 2 to 6 MHz increases by 25 dB when microbubbles are added, as compared to the phantom spectrum alone (Fig. 8) , with a 10 MHz chirp driving pulse (see Table II for details) and peak-negative pressure of 2.6 MPa (MI = 0.8) after attenuation through the phantom. For the phantom containing microbubbles, the spectral amplitude between 2 and 6 MHz normalized by the amplitude between 8 and 12 MHz is calculated to be −21 dB, and the integrated power from 2 and 6 MHz is 17 dB below power integrated from 8 to 12 MHz. The echo spectrum from microbubbles then is evaluated as a function of peak-negative transmission pressure and pulse bandwidth (Fig. 9 ) in an isolated vessel with a weakly echogenic wall. When the transmission pressure is 1 MPa (MI = 0.32), the amplitude of the spectral peak in the frequency range from 2 to 6 MHz compared to the frequency range from 8 to 12 MHz is approximately −14 dB and −9 dB, for toneburst and chirp insonation, respectively [ Fig. 9(a) ]. When the transmission pressure is Table II for details). The transmission peak-negative pressure is 2.6 MPa (MI = 0.8) after attenuation. 3.5 MPa (MI = 1.1), the amplitude of the spectral peak in the frequency range from 2 to 6 MHz compared to the frequency range from 8 to 12 MHz is approximately −17 dB and −9 dB, for toneburst and chirp insonation, respectively [ Fig. 9(a) and (b) ].
In the same set of experiments, the integrated power between 2 and 6 MHz and 8 and 12 MHz was calculated as well as the ratio of the power in the lower band normalized by the power in the upper band, and these measures were plotted as functions of applied pressure ranging from 1 to 4.5 MPa (Fig. 10) . The integrated power in the frequency range from 2 to 6 MHz increases with increasing pressure [ Fig. 10(a) ] and the power ratio increases slightly as the transmission pressure increases [ Fig. 10(b) ]. Again, the relative power in the 2 to 6 MHz band compared with 8 to 12 MHz is greater for chirp insonation (7 dB down) compared with tone burst (11 dB down) insonation. A student t-test (two-sample assuming equal variances) was used to determine statistical significance, with a P value threshold of 0.05. There are statistically significant differences between chirp and tone burst insonation in the integrated power of subharmonic components and the power ratio of the subharmonic to the fundamental components for a transmitted pressure above 3.0 MPa (p < 0.05). The integrated power of subharmonic components is approximately 10 dB greater with chirp insonation than with tone burst insonation.
M-Mode Image with Varied Pulse Repetition Frequency:
Additional studies with repeated pulsing of a single volume of microbubbles then were conducted in an isolated vessel. RF data with varying pulse repetition frequencies (PRFs) are acquired with a fixed flow rate, for which it was expected that 100%, 57%, and 23% of the sample volume would be refreshed with contrast agents at a PRF of 5, 20, and 50 Hz, respectively. The M-mode RF data acquired at a PRF of 5 Hz [ Fig. 11(a) ] are compared to those acquired at a PRF of 50 Hz [ Fig. 11(b) ]. The echo power decreases when the PRF increases; and we hypothesize that some of the microbubbles are destroyed, as shown optically. For a PRF of 5 Hz, the received power in the entire bandwidth increases as the transmission pressure increases (Fig. 12) . For a PRF of 20 Hz, the power increases with the increasing transmission pressure, and the power in the echoes received for 20 Hz PRF, normalized by the power at 5 Hz PRF, is −7.1 dB for a transmission pressure of 4 MPa. For a PRF of 50 Hz, the echo power increases with the transmission pressure until the pressure reaches Table II 
IV. Discussion
With the higher transmission frequency used here, the mechanical index is less than 1.1, relatively low compared to that in many current techniques. The characteristics of microbubble oscillation and destruction have been evaluated for a transmission center frequency near 10 MHz using this moderate MI, demonstrating that some microbubbles are destroyed, and nonlinear imaging remains possible at this higher frequency.
As noted in the introduction, a motivation for the evaluation of contrast agent safety with higher frequency insonation is a reduction in the MI, and thus potential reduction in biological effects. We hypothesize that limiting bubble expansion to a predicted maximum equal to the capillary diameter (8 µm in many tissues) may reduce these effects and, therefore, seek to determine a range of parameters for which this limit applies. The model described in [19] when applied to the threshold conditions for dye extravasation described in [36] predicts a maximum diameter near 8 µm, providing additional motivation for this choice.
A. Microbubble Expansion
The initial microbubble diameter affects the dynamics of an acoustically driven microbubble. The relative ex-pansion of a microbubble increases when the initial microbubble diameter decreases, as shown in Fig. 5 . Smaller microbubbles show a greater expansion but are easily destroyed. Optical images indicate that the relative expansion of a microbubble is no more than threefold when driven at 10 MHz at a pressure up to 3.5 MPa, and the maximum diameter is less than 8 µm across the entire initial diameter range from 1.5 to 5 µm.
B. Microbubble Destruction
The optical study presented here provides insight into the mechanisms of destruction of a microbubble, which have been shown to include active diffusion and fragmentation. Fragmentation occurs for microbubbles with an initial diameter of approximately 3 µm or less, typically after the 10th cycle of the transmitted pulse. Thus, for a fixed transmission pressure, increased pulse length increases the probability of destruction of the microbubble.
Active diffusion is frequently observed for microbubbles with an initial diameter greater than 3 µm. This decrease in diameter is nearly constant over the range of initial diameters considered (typically 1-2 µm); therefore, the percentage of the volume lost with each pulse decreases with increasing initial diameter.
The effect of pulse repetition frequency on the received echo power also supports the hypothesis that a proportion of microbubbles are destroyed using the high-frequency pulses used here. When the PRF increases such that the sample volume is not completely replenished with agents between pulses, the power in the received echoes decreases. Combining the acoustical and optical results, we conclude that the smaller agents are fragmented by insonation near 10 MHz, at which larger (>3 µm) agents are not fragmented by a single pulse but decrease in diameter over the pulse train.
C. Subharmonic Components in Radius-Time Curve and Spectrum
In the optical experiments, modulation of the microbubble radial oscillation with a center frequency below the transmitted frequency was observed. The spectrum of the scattered echo also demonstrates a substantial subharmonic component. From time-frequency analysis (not shown), the low frequency components occur during the driving pulse and the ringdown immediately after the driving pulse ends. One source of this subharmonic component was shown to be oscillation during ringdown at a center frequency that is approximately predicted by the linear resonance frequency (Fig. 3) . Integrating over the bandwidth from 2 to 6 MHz for the subharmonic and 8 to 12 MHz for the fundamental components, the power ratio of subharmonic components to fundamental components ranges up to −7 dB (Fig. 10) .
In order to evaluate our ability to remove tissue echoes by filtering, we consider the power ratio of subharmonic to fundamental components before and after using a band pass filter. In the spectrum of the received echo from a tissue phantom with microbubbles, shown in Fig. 8 (solid  line) , the subharmonic to fundamental power ratio is calculated to be −17 dB. Because these echoes include fundamental components not only from microbubbles but also from the tissue phantom, the power ratio is lower than the corresponding data shown in Fig. 10 for the pressure of 2.6 MPa. In order to suppress tissue echoes and improve the microbubble-to-tissue ratio each RF line can be bandpass filtered. Applying a 6th order elliptic band pass filter from 2 to 6 MHz results in a subharmonic to fundamental power ratio of 38 dB, indicating that single pulse microbubble detection might be possible. Additional suppression may be achieved with a higher order filter in future studies; however, in this study the total dynamic range is limited and a higher order filter does not improve the SNR.
D. Chirp Versus Tone Burst Insonation
In order to increase the sensitivity of detection of the bubble echoes, transmission of a chirp was compared to transmission of a tone burst. Motivation for the use of chirp excitation is that, after a matched filter, tissue echo resolution can be recovered, and a substantial subharmonic can be generated. Subharmonic echo components and destruction were observed with both chirp and tone burst insonation, and expansion and destruction characteristics were not statistically different. Statistically significant differences between chirp and tone burst insonation were observed in the integrated power of the subharmonic components and the ratio of subharmonic to fundamental echo power over a range of transmission pressure from 3.0 to 4.5 MPa. Given that the microbubbles used in this study are polydisperse, the mechanism may be a difference in the response of each microbubble or a change in the response of a limited fraction. Given that the received fundamental and subharmonic spectra differ between the chirp and tone burst, their respective performance in an imaging system may differ, and will be the subject of future investigation.
E. Potential Applications
Based on the results presented here, it appears that a single-pulse subharmonic strategy could be used to detect echoes from microbubbles. For higher resolution imaging, single pulse microbubble detection would be robust in the presence of tissue motion. Given that contrast agents can be destroyed using the pulses used here, it also appears that higher frequency transmission (10 MHz) could be incorporated into destruction-reperfusion techniques.
V. Conclusions
The oscillation of microbubbles with 10 MHz insonation was investigated with a high-speed optical system in conjunction with an acoustical system, demonstrating that Table II for details).
insonation above the resonance frequency of the agents induces oscillation at a substantial lower frequency, with associated low-frequency echo components. Mechanisms of microbubble destruction with 10 MHz ultrasound insonation were investigated optically and complimented acoustically, indicating that microbubbles with a diameter less than 3 µm were fragmented, and larger agents decreased in diameter with each pulse. The maximum microbubble expansion with 20-cycle, 10-MHz linear chirp insonation with a transmitted pressure up to 3.5 MPa was shown to be no greater than 8 µm, and the relative expansion was less than threefold. Thus, from these experiments, both subharmonic and destruction-replenishment imaging strategies can be implemented following 10 MHz pulse transmission and maximum expansion should not exceed the capillary diameter under the conditions used here. The use of these strategies may allow for a single pulse detection of contrast agents and higher resolution flow measurements.
